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Abstract 
Plans for developing a CO2 storage site should be based on transparently assessing all available performance-relevant 
information. During a storage project planning decisions will need to be taken to reflect evolving understanding due 
to progressive information acquisition. The decisions and reasons for them must be communicated clearly to 
stakeholders, to demonstrate progress and build confidence. To help meet these objectives a software tool based on a 
decision support methodology termed Evidence Support Logic (ESL) was developed during the European 
Commission (EC)-supported CO2ReMoVe project. The tool was demonstrated by applying it to the In Salah Gas 
Project in Algeria. 
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1. Introduction 
During any CO2 storage project it will be challenging to make transparent decisions about CO2 
injection, monitoring activities and closure plans because these decisions will be based on a wide variety, 
and progressively increasing quantity, of performance-relevant information. Decisions taken during the 
project will need to reflect evolving understanding about site performance due to progressive information 
acquisition. The reasons for the decisions will need to be communicated clearly to stakeholders, in order 
to demonstrate progress and build confidence in the project and its outcomes. Additionally, at all stages it 
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will be necessary to plan subsequent information gathering and interpretation activities so as to reduce 
significant uncertainties and/or remove threats, for example by changing CO2 injection plans to improve 
performance.  
A related challenge is that both qualitative and quantitative information must be judged together when 
making decisions. This information arises from both direct observations and numerical model outputs. 
Usually, the latter will be diverse and include reservoir, geomechanical, geochemical and systems-scale 
models. Site-specific information must also be interpreted in the context of information from elsewhere, 
for example generic laboratory studies and natural analogue investigations.  
To help meet these challenges, during the CO2ReMoVe project (supported by the European 
Commission (EC)) a software tool was developed to integrate the varied kinds of performance-relevant 
information in a structured fashion.  The tool is based on a decision support methodology termed 
Evidence Support Logic (ESL), which supports decision makers in their sense-making when faced with 
extensive information. This paper describes the tool and its application to CO2 storage at Krechba, near In 
Salah, Algeria. 
 
2. Evidence Support Logic 
    An overview of ESL follows; a detailed description is given elsewhere (e.g. Bowden [1]; Quintessa [2]; 
DNV [3]). The methodology breaks down a complex judgment that informs a decision into simpler, more 
readily justified judgments. This breakdown is achieved using a tree, which is a hierarchy of nodes, each 
of which represents a hypothesis (Fig. 1). Whether the hypothesis at the highest level of the tree ot 
is true or false usually must be judged using information of varied types and quantities, 
depending upon the hypothesis being evaluated. In contrast, to judge whether a hypothesis at the  
lowest level  is true or false requires far fewer different information types (ideally 
only a single type).  
tree. While a branch may consist only of the root hypothesis and a leaf hypothesis, more usually these 
hypotheses will be separated by several intermediate hypotheses. Apart from the leaves, each hypothesis 
is 
hierarchy. This set of children (or , since they have a common parent) is required to 
evaluate all the different aspects of their parent hypothesis.   
In ESL the confidence that each leaf hypothesis is true or false is represented explicitly, and 
independently assessed. Numerical values that represent confidence in each leaf hypothesis being true 
values are each on a scale of 0 (no evidence for the hypothesis being true or false) to 1 (evidence leading 
to complete confidence that the hypothesis is true or false). They are judged from the evidence base, 
which may include varied types of qualitative and/or quantitative information, and are propagated through 
the tree using ESL, which is based on Interval Probability Theory (IPT).  This approach leads to a direct 
evaluation of residual uncertainty, which is a major advantage over classical analysis forms that do not 
include an explicit representation of uncertainty
 - (confidence for)  is a measure of lack of information 
 it denotes conflict implying that a hypothesis has probabilities 
different pieces of information contradicting one another. Analysis of residual uncertainties can identify 
those that impact upon an overall decision most significantly, which is valuable for prioritising future 
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information acquisition and interpretation to reduce uncertainties. 
 
The confidence in each non-leaf hypothesis in the tree is calculated by combining the confidence 
values of all the leaf hypotheses to which it is connected, according to the hypothesis structure and the 
associated logic. Propagation of confidence values through the tree is controlled by conditional 
am completely confident that this 
hypothesis is true (or false), and I know nothing about any other hypothesis, then what is my degree of 
separately to propagate confidence values favoring the truth and falsehood of each hypothesis. An 
hypothesis and/or judgments that are based upon this evidence. This parameter avoids multiple counting 
of support from any mutually dependent pieces of evidence.  
 
Fig. 1 Example decision tree showing the confidence values that support (green) and refute (red) the truth of each hypothesis, and 
the  main parameters that control how confidence values are propagated from two sibling hypotheses to a parent hypothesis.   
Sometimes a particular hypothesis must be true  in order for its parent hypothesis to be 
true and is given greater importance in the overall judgment. If such a  hypothesis  is judged 
Sufficiency Against (the larger this value, the more confidence that this hypothesis  is false will be 
propagated to confidence that the parent hypothesis is false)
Sufficiency For (the larger this value, the more confidence that this hypothesis is true will be 
propagated to confidence that the parent hypothesis is true)
assigned to parent hypothesis
ALL sibling hypothesis must be untrue for the parent hypothesis to be untrue, SMALLEST 
Confidence that the hypothesis is true
Confidence that the hypothesis is untrue
Residual uncertainty
partly on the same information) and that one or more numerical values have been specified 
to prevent double counting of information.
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likely to be untrue, its confidence values are assigned to its parent, irrespective of confidence in the truth 
and falsehood of its siblings, unless propagation of confidence values using the sufficiencies gives even 
greater confidence against the parent. In this case, the sufficiencies are used.  
It follows from the explicit representation of uncertainty that evidence does not need to be complete  
to undertake an assessment. Uncertainties that arise from lacking information can be recognised and their 
significance taken into account when making a decision. 
 
3. CO2TESLA for Microsoft Excel 
During the CO2ReMoVe project a tool called CO2TESLA for Microsoft Excel  was developed to 
enable ESL to be applied readily to integrate performance-relevant information concerning a CO2 storage 
site in a structured and transparent fashion. This tool consists of: 
  
 an interface developed for CO2ReMoVe using Microsoft Excel; 
 a template decision tree for evaluating the effectiveness of CO2 storage; and 
 underpinning functiona  pre-existing TESLA software [2], including capabilities 
to analyse instances of a tree. 
 
The tool allows users to: 
 
 input judgments on performance-relevant evidence using a spreadsheet;  
 generate multiple instances of the same model from within a single spreadsheet, allowing different 
sites to be compared readily, or a single site to be compared at different stages; 
 analyse overall confidence on the basis of the structured assessment of detailed evidence; 
 explore sensitivities and implications of uncertainties for the top-level decision; and  
 present a structured audit trail for key judgments. 
 
The template tree is structured to reflect the general requirements for a CO2 storage project that are 
outlined in the EC Storage Directive (2009/31/EC). In accordance with Article 1 of the Directive the root 
2 
re is evidently 
a conflict between the literal meaning of this term and the technically achievable outcomes of CO2 
storage; it will be impossible to give complete assurance that there will never be any leakage under any 
circumstances. Consequently, it is p
likely rate of any CO2 leakage from the containment complex will not cause:    
 
 significant detrimental impacts upon the environment outside the containment complex; or 
 the effectiveness of CO2 storage for mitigating climate change to be compromised.  
 
T
sis, the tree is 
structured to make two broad kinds of judgment: 
 
  
 r is supportive of an 
approach to long-term stability following operations. 
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The first of these two broad judgments is divided further into two parts: 
 
 a judgment as to the extent that existing data and observations are understood (or more specifically the 
extent to which models can history match  data that have been obtained already); and 
 
based on past observations, can be used to predict new data and observations that will be obtained 
during the periods of operation and post-operational monitoring. 
 
The second of these two judgments is broken down into several judgments of the likelihood that 
different generalised scenarios for future evolution will call long-term evolution towards stability 
into question. The following scenario judgments  are embedded in the structure: 
 
 the normal  or expected  evolution scenario; 
 and four hypothetical alternative evolution  scenarios: 
 a tectonic processes  scenario (covering active faulting, seismic pumping, subsidence and uplift); 
 a well-seal failure  scenario; 
 a human intrusion  scenario; and 
 an overfilling scenario . 
 
The four hypothetical alternative evolution scenarios are evaluated primarily to establish their potential 
consequences in the hypothetical cases that they should occur. The tree reflects judgments of: 
 
 the likelihood that the scenario will occur; and 
 the hypothetical impact of the scenario in the event that it does occur. 
 
4. Application to In Salah 
During the In Salah Gas Project (ISG), CO2 is being stored in the Krechba Field in central Algeria. The 
ISG is a Joint Venture Project between BP (33%), Sonatrach (35%) and Statoil (32%) and has been 
described in Mathieson et al. [4] and Iding and Ringrose [5]. Natural gas is extracted from 
a c. 1850 m - c. 1950 m deep Carboniferous sandstone reservoir and contains 5-10% CO2. Before the 
natural gas can be sold in European markets, most of this CO2 must be separated to attain a residual CO2 
concentration of 0.3%.  Since 2004 the separated CO2 has been compressed, dehydrated, transported, and 
then injected into the saline water-bearing leg of the producing gas formation. The CO2 reservoir is sealed 
by a c. 950 m thick mixed rock sequence, which is composed predominantly of mudstones.  This 
sequence is overlain unconformably by c. 900 m of Cretaceous sandstones and minor mudstones. The 
Cretaceous sandstones include a regional aquifer containing potable water.  
The CO2ReMoVe project undertook a Performance Assessment (PA) of CO2 storage at Krechba. A 
key aim was to show that CO2 will be completely and permanently contained  as it will evolve towards 
long-term stability post-closure  (using the language of the EC Storage Directive). To meet these aims a 
systematic expert workshop-based approach was developed for the PA (e.g. Paulley et al. [6]). This 
approach identified various performance measures that need to be evaluated over different timeframes 
(operation, closure/monitoring, post-closure) and several different potential system evolution scenarios 
that need to be assessed. Uncertainties to be considered in evaluating those scenarios were also identified. 
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The CO2TESLA for Microsoft Excel integration tool described in Section 3 was applied to integrate 
all the performance-relevant information obtained from In Salah and thereby facilitate an overall 
assessment of the expected system performance (Fig. 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  The developed decision tree as applied to the Krechba CO2 storage site, using information available at the end of 2011 and 
showing, for clarity, only hypotheses as far as the fourth level in the hierarchy.  
The CO2TESLA for Microsoft Excel tool was used to map wide-ranging evidence against different 
performance requirements and criteria. This evidence included: 
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 varied site investigation and monitoring data sets and expert judgment and analysis thereof, including 
(Mathieson et al. [7]): 
 data from repeat 3-D seismic surveys; 
 micro-seismic surveys targeting caprock integrity; 
 wireline logging and sampling data; 
 wellhead and periodic downhole pressure data; 
 analyses of gas samples from wellheads/borehole annuli; 
 surface flux/soil gas survey data; 
 surface microbiology samples; 
 water level and quality data from 5 shallow (to c. 350 m) wells drilled into the aquifer; 
 data from tiltmeters/GPS; 
 InSAR radar altimetry data; 
 outcomes of detailed history-matching reservoir and geomechanical model simulations; and 
 ervoir 
models but with a much coarser spatial discretisation, facilitating sensitivity analysis. 
 
The model shows that the information available to support the PA gives significant confidence in 
favour of long-term CO2 containment at Krechba and that remaining uncertainties and evidence against 
performance (leading to the white uncertainty  and red confidence against
are small.  The analysis functionality in CO2TESLA for Microsoft Excel shows that the overall outcomes 
are robust with respect to these uncertainties (Fig. 3).  
Fig. 3 (a) Ratio plot corresponding to Fig. 2, which shows, for each hypothesis, the ratio of confidence for to confidence against on 
the vertical axis and uncertainties -confident 
, shown with negative values) on the horizontal axis.  Hypotheses would plot to the left of 
1. To avoid division by zero values of confidence against < 0.01 are 
treated as 0.01. (b) Tornado plot corresponding to Fig. 2, which shows the sensitivity of the top-level (root) hypotheses to variations 
in confidence for (green, to the right of the figure) and against (red, to the left of the figure) each lowest-level (leaf) hypothesis. 
In particular, the conclusion is judged robust even in the absence of confidence for Hypothesis 1.2.2, 
which concerns matching plume migration observations with past data and evaluates medium-term 
performance; such confidence cannot be assessed in the tree until the future observations are compared 
with model predictions. In support of this conclusion a Ratio Plot (Fig. 3a) shows that the top-level 
hypothesis (marked 1 ) and all other key hypotheses lie within the darker green zone associated with 
confidence in outputs. The Tornado Plot  (Fig. 3b), which shows the sensitivity of outcomes to small 
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variations in the evidence base, shows that the positive outcome is not unduly sensitive to input choices; a 
 
 
5. Conclusions 
Any CO2 storage project will likely proceed over a considerable period of time (at least several 
decades for storage of CO2 emissions from a typical fossil fuel power station), during which large 
quantities of different kinds of information will be acquired.  It will be necessary to make decisions about 
CO2 storage while continuously and transparently assessing the implication of this information for storage 
system performance. During the EC-supported CO2ReMoVe project a software tool, CO2TESLA for 
Microsoft Excel, was developed to integrate varied performance-relevant information in a structured 
fashion, such that decisions can be related to the requirements of the EC CO2 Storage Directive and the 
rationale for the decisions is recorded transparently. The tool was used to demonstrate that information 
available at the end of 2011 gives a high level of confidence that in the CO2 storage system at Krechba 
The CO2 volume planned to be stored will be completely and permanently contained . The available 
knowledge base indicates that the Krechba storage system is a good one that will evolve to long term 
stability .  It is unlikely that seismic or other external processes could compromise CO2 containment. The 
scenario judged as having the greatest potential to challenge containment is hypothetical significant over-
filling of the reservoir, causing pressure rise, combined with well failure or fault/fracture widening 
leading to CO2 release. However, injection is well-managed, wells will be sealed and no continuous 
transmissive fault/fracture features have been observed. Consequently, the risk of significant release 
associated with this scenario is judged to be very low. 
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